The two-component signal transduction systems (TCSTSs), consisting of a histidine kinase sensor (HK) and a response regulator (RR), are the dominant molecular mechanisms by which prokaryotes sense and respond to environmental stimuli. Genomes of Xanthomonas generally contain a large repertoire of TCSTS genes (approximately 92 to 121 for each genome), which encode diverse structural groups of HKs and RRs. Among them, although a core set of 70 TCSTS genes (about two-thirds in total) which accumulates point mutations with a slow rate are shared by these genomes, the other genes, especially hybrid HKs, experienced extensive genetic recombination, including genomic rearrangement, gene duplication, addition or deletion, and fusion or fission. The recombinations potentially promote the efficiency and complexity of TCSTSs in regulating gene expression. In addition, our analysis suggests that a co-evolutionary model, rather than a selfish operon model, is the major mechanism for the maintenance and microevolution of TCSTS genes in the genomes of Xanthomonas. Genomic annotation, secondary protein structure prediction, and comparative genomic analyses of TCSTS genes reviewed here provide insights into our understanding of signal networks in these important phytopathogenic bacteria.
The genus Xanthomonas consists of a group of rod-shaped, obligately aerobic, gram-negative bacteria (Goncalves and Rosato 2002) . Xanthomonas spp. occupy diverse ecological niches, such as in soil, water, and human blood as well as plant tissues (Li et al. 1990; Swings and Civerolo 1993) . Particularly, the majority of these bacteria are phytopathogens that usually are differentiated into pathogenic variants (pathovars) on the basis of host range (Alvarez 2000) . For example, the species Xanthomonas campestris can be classified into over 100 pathovars; each has the ability to infect a specific plant taxon (Alvarez 2000) . Interestingly, during the long-term interaction with their hosts, some bacteria of the genus Xanthomonas, especially X. campestris pv. vesicatoria the causal agent of bacterial spot disease of solanaceous plants, and X. oryzae pv. oryzae, the causal agent of bacterial blight of rice, evolved a highly specific "gene-for-gene" relationship with cultivated plants (Flor 1971; Gurlebeck et al. 2006) , because disease resistance will occur only if a plant cultivar encoding a specific resistance (R) gene interacts with a bacterial strain encoding a corresponding avirulence (avr) gene (Staskawicz et al. 2001) . The fact that Xanthomonas spp. can adapt to so many heterogeneous environments suggests a long-standing notion that they may be equipped with elegant cellular signaling systems, which enable them to monitor environmental stimuli and then respond promptly by fine-tuning physiological pathways.
In prokaryotes, two-component signal transduction systems (TCSTSs) represent the dominant sense-response mechanisms to regulate a wide array of physiological pathways (Parkinson and Kofoid 1992; Stock et al. 2000) . The total number of TCSTS proteins encoded by a bacterial genome, together with other signaling proteins, can be used as a measure of the adaptive potential of the organism (i.e., the bacterial intelligence quotient or "IQ") (Galperin 2005 ). The prototype of TCSTS consists of a membrane-bound histidine kinase sensor (HK) and a cytoplasmic response regulator (RR). After detecting a specific stimulus, HK can be autophosphorylated on a conserved histidine residue within its transmitter domain, and then transfer the phosphoryl group onto a conserved aspartic acid residue within the N-terminal receiver domain of cognate RR. In due course, the activated RR causes adaptive changes by modulating expression of downstream genes or cellular machinery with its C-terminal output domain (Parkinson and Kofoid 1992; Stock et al. 2000) . In addition, an atypical subfamily of HK which contains an additional phosphorylatable receiver domain has been identified and named "hybrid histidine kinase sensor" (HyHK). HyHK usually is involved in a four-step phosphorelay (His-Asp-His-Asp) via the histidine-containing phosphotransfer (Hpt) domain rather than the classic two-step phosphorelay (His-Asp) of TCSTS (Stock et al. 2000) . In consequence, the amount, organization, protein secondary structure, and genomic dynamics of TCSTS largely define the ability of a bacterium to adapt to stochastic environmental changes.
Although TCSTSs play such an important role in regulating bacterial gene expression and cellular behavior, they have not been studied extensively in Xanthomonas spp. Only a few TCSTSs, including RpfC/RpfG (regulation of pathogenicity factors) (Tang et al. 1991) , HrpG (hypersensitive response pathogenicity) (Wengelnik et al. 1996) , and RaxH/RaxR (required for AvrXa21 activity) (Burdman et al. 2004) , have been identified before. All the experimentally confirmed TCSTSs are associated with virulence: RpfC (a HyHK) and RpfG (a RR) modulate the synthesis of extracellular enzymes, exopolysaccharides (EPS), and cell-to-cell signaling (Slater et al. 2000; Tang et al. 1991) . Recently, the HD-GYP domain of RpfG was found to have the phosphodiesterase activity that degrades novel second messenger bis-(3′-5′)-cyclic dimeric guanosine monophosphate (c-di-GMP) Slater et al. 2000) , providing a novel insight into the virulence regulation. Very recently, Dow and colleagues systematically characterized 37 genes encoding GGDEF, EAL, and HD-GYP domains involved in c-di-GMP signaling of X. campestris pv. campestris. Seven of these genes encode putative HKs or RRs (Ryan et al. 2007; this review) . hrpG encodes a putative RR (Wengelnik et al. 1996) . By interacting with downstream AraC-family transcription factor HrpX, HrpG controls the expression of the type III secretion system, the critical transportation machinery that delivers effectors into host cells (Noel et al. 2001) . Although the cognate HK of HrpG remains unknown, a positive, GntRfamily regulator Trh (transcriptional regulator for hrp) that is involved in expression of hrpG has been identified (Tsuge et al. 2006 ). In addition, evidence indicated that a MarR-family transcriptional factor HpaR (hypersensitive response and pathogenicity-associated regulator) might be a critical regulator of HrpG-dependent cascade (Noel et al. 2001; Qian et al. 2005; Wei et al. 2007 ). Identification of these proteins begins to uncover the signaling networks of HrpG regulon. In X. oryzae pv. oryzae, RaxH/RaxR affects the expression of a sulphation-related raxSTAB operon and have association with a race-specific X. oryzae pv. oryzae-rice recognition mediated by AvrXa21, a putative type I secretion system-dependent peptide (Burdman et al. 2004) . Furthermore, RaxH/RaxR may be involved in regulation of the density-dependent expression of the rax genes (Lee et al. 2006) . These findings suggested that RaxH/RaxR takes part in a novel regulatory mechanism of plant innate immunity response. To date, however, a genome-scale study has not been carried out to explore the function of TCSTSs in Xanthomonas spp.
At present, six complete Xanthomonas genomes have been published, including two strains of X. campestris pv. campestris (da Silva et al. 2002; Qian et al. 2005) , two strains of X. oryzae pv. oryzae (Lee et al. 2005; Ochiai 2005 ), a strain of X. campestris pv. vesicatoria (Thieme et al. 2005) , and a strain of X. axonopodis pv. citri that causes citrus canker disease (da Silva et al. 2002) . The sequencing projects have generated the largest dataset from a single genus of plant pathogens. Completion of so many closely related genomes provides researchers with a unique opportunity to not only survey TCSTSs on a genomic scale that will provide insight into their biological functions but also to analyze genetic factors directly contributing to microevolution of TCSTS genes. In this review, we re-annotated and analyzed all putative TCSTS genes in the genomes of Xanthomonas spp. by comparative genomic and evolutionary approaches (methods employed to analyze genomic data are provided as Supplementary Methods). The information may have immediate implication in future studies on mapping the cellular signaling networks in these important bacterial phytopathogens.
General features of TCSTS in genomes of Xanthomonas spp.
A large repertoire of TCSTSs was compiled from genomes of Xanthomonas spp. by a stringent method coupling similarity search and recognition of characteristic protein motifs. General features of the total of 632 predicted TCSTS genes (including orthodox HKs, HyHKs, and RRs) are listed in Table 1 (for details of these genes see Supplementary Table S1 ). Each Xanthomonas genome encodes numerous TCSTSs on its chromo- some (approximately 92 to 121 genes), but no TCSTS gene was found to be encoded by their plasmids. The total number of nucleotides from TCSTS genes takes up approximately 2.38 to 3.24% of the whole chromosome (Table 1 ). This result is according to the previous conclusion that bacteria distributed in diverse ecological niches tend to encode larger amount of TCSTSs than those living in limited or obligatory environments (Galperin 2005; Rodrigue et al. 2000) . In addition, it reminds researchers that only a small portion of TCSTS genes of the genus Xanthomonas (<10%) has been experimentally documented; thus, our understanding of TCSTS regulation in these phytopathogenic bacteria needed to be enhanced by future research. Two X. campestris pv. campestris genomes share a nearly identical set of TCSTSs in terms of both gene content and DNA sequences. For convenience, we only present the results from X. campestris pv. campestris ATCC 33913 in the following review, unless otherwise indicated. Unlike this, the two X. oryzae pv. oryzae genomes have variation in TCSTS gene contents. For example, XO_1378 of X. oryzae pv. oryzae MAFF 311018 was annotated as an HK. However, the protein product of its ortholog XOO1477 from X. oryzae pv. oryzae KACC10331 does not encode an HK because it is truncated at the N-terminal region and lacks the most important phosphorylation sites (the H-box). A more complex example is found in the case of HyHK XO_1651. This gene has two homologs in X. oryzae pv. oryzae KACC10331 (i.e., XOO1750 and XOO1751). However, examination of the protein domain shows that XOO1750 is not a TCSTS gene because its product contains only four Hpt domains and lacks any ATPase domain. Although XOO1751 encodes receiver and ATPase domains, it lacks recognizable phosphorylation sites (H-box) so that we annotated it as an RR rather than HyHK. Under the criteria employed in this review, 92 TCSTS genes in X. oryzae pv. oryzae KACC10331 and 93 in X. oryzae pv. oryzae MAFF 311018 (Table 1) , in all, eventually were compiled, remarkably less than that of X. campestris pv. campestris, X. campestris pv. vesicatoria, and X. axonopodis pv. citri.
Furthermore, analyses of codon usage bias of TCSTSs showed that the protein coding strategy of X. campestris pv. campestris, X. campestris pv. vesicatoria, and X. axonopodis pv. citri are very similar (Table 1) . However, two genomes of X. oryzae pv. oryzae have the lowest value of GC content in the third codon position (GC3s) and the highest value of effective number of codons (Nc, a parameter ranging from 20 to 61 to simply measure the extent of codon preference in a gene) (Wright 1990 ) than the other genomes ( Table 1 ), suggesting that X. oryzae pv. oryzae could use more codons in translating TCSTS, and the pattern of codon usage of X. oryzae pv. oryzae is slightly biased from the other genomes.
Subcellular location and structural classification of TCSTS proteins.
Subcellular location. Subcellular location of all TCSTS proteins was predicted by PSORTb (Rey et al. 2005) . In all, 64.7% of the annotated HKs (196 of 303 proteins, including HyHKs) are proteins having putative periplasmic sensor domains because they contain approximately 1 to 13 hydrophobic, transmembrane (TM) helices at the N-terminal sensor region. By contrast, 35.4% of HKs (107 proteins) lack a recognizable TM domain, which is similar to the chemotaxis kinase CheA and nitrogen regulator NtrB of Escherichia coli (Grebe and Fig. 1 . Structural classification of histidine kinases (HKs) based on phosphorylation sites (H-boxes). Each sequence logo is derived from multi-alignment of all proteins belonging to corresponding HK group and created by Weblogo. The height of each residue is according to the level of conservation at that site so that degree of conservation is illustrated. Numbers above each group indicate the numbers of HKs in the genomes of Xanthomonas campestris pv. campestris ATCC 33913, X. campestris pv. campestris 8004, X. axonopodis pv. citri 306, X. oryzae pv. oryzae MAFF 311018, X. oryzae pv. oryzae KACC10331, and X. campestris pv. vesicatoria 85-10, respectively. Stock 1999) . These HKs must be soluble, cytoplasmic proteins to sense intracellular stimuli. Meanwhile, all RRs were predicted to be located at cytosol.
Classification of HKs. Because biological functions of the majority of TCSTS in Xanthomonas spp. are unknown, structural classification of putative HKs and RRs will be a prerequisite for studying their regulatory mechanism. Among them, HKs are highly variable in length and in amino acid sequences, and their classification usually was based on alignment of H-boxes that contained phosphorylatable His residue, rather than by alignment of global protein sequences (Fabret et al. 1999; Grebe and Stock 1999) . By applying the classification scheme of previous studies (Fabret et al. 1999; Kim and Forst 2001) , multi-alignment using Clustal X classified all HKs into five distinct groups (Fig. 1) . Group I HKs contain an invariant Pro residue at position five downstream from the invariant His. This group is the most common type of HK (66%) and can be further sorted into four subgroups according to alignment (group IA to ID). Group II HKs possess a conserved Asn at position four downstream from His. This group also contains most of the HyHKs. Group III HKs are characterized by an ERxxxxR-E/D-L motif upstream from the His site of phosphorylation. Group IV HKs are distinguished from the others by a Pro preceding the conserved His, and a Phe instead of the usual acidic residue (Glu, Asp, or Asn) substituting at the position following the H-box histidine. As revealed by protein crystallization, group I to IV HKs usually have a similar structure to osmosensor EnvZ of E. coli (named as structural "class I HK") (West and Stock 2001) . Their H-boxes are immediately followed by C-terminal catalytic and ATP-binding domains, and serve as both a substrate for autophosphorylation and a dimerization region. Most of these HKs are multifunctional proteins that have kinase, phosphatase, and phosphotransferase functions. All these enzymatic activities require the phosphor-accepting His residue, and the enzymatic balance among them depends on signal input as well as collaboration between the H-box and other signaling domains (Dutta et al. 1999) .
Distinct from other groups, the structure of group V HKs (approximately four to five proteins in each genome of the genus Xanthomonas) is similar to that of the chemotaxis sensor CheA (structural "class II HK"). The H-box His of group V is followed by a Ser or Thr rather than by the typical acidic residues, and the phosphorylation site is located at a domain similar to the Hpt domain of the complex phosphorelay systems (Fig. 1) . As structural studies indicate (Bilwes et al. 1999 ), CheA lacks phosphatase activity, and its H-box is located in the so-called P1 domain (Hpt-like) at the N-terminus to act as a phosphorylation site. However, its dimerization function is carried out by a separate P3 domain rather than by the H-box (Bilwes et al. 1999; Mourey et al. 2001) .
Classification of RRs. In contrast to HKs, RRs are highly conserved so that their classification usually is based on the structural similarity of C-terminal output domains (Stock et al. 2000) . By referring to the criteria of Galperin (2006) , all 329 annotated RRs were classified into diverse families by searching the pfam database (e value < 1.0; brief summary of the results are listed in Supplementary Table S2) . This exercise showed, that except for the AraC and SpoIIE family RRs, Xanthomonas genomes encode almost all types of RRs commonly identified in other bacteria (Galperin 2006) , indicating that their regulatory mechanisms are complicated and diverse.
Stand-alone RRs. Similar to the chemotaxis regulator, CheY, of E. coli (Baker et al. 2006 ) and sporulation regulator, Spo0F, of Bacillus subtilis (Feher et al. 1998) , 93 RRs (28%) of Xanthomonas spp. lack any detectable output domain. These RRs may function by directly interacting with downstream proteins rather than by functioning as transcription factors. Among them, each Xanthomonas genome has an RR that possesses two tandem receiver domains, in a pattern similar to the cell motility regulator, FrzZ, of the gram-positive bacterium Myxococcus xanthus (Inclan et al. 2007) .
RRs with nucleic acid-binding domain. Approximately half of the RRs (172 proteins, 52%) contain a DNA-binding region as output domain. These RRs could be further classified into OmpR-, NarL-, NtrC-, PrrA-, and LytR-like proteins on the basis of the relatedness of their domain structure. Of these proteins, the OmpR (including the known RRs HrpG and RaxR) and NarL families are the most dominant types (127 proteins) in Xanthomonas spp. and both have a helix-turn-helix (HTH) motif at the C-terminal DNA-binding region. NtrC family RRs (27 proteins) often contain three domains: an N-terminal receiver domain, a C-terminal DNA-binding domain, and an unusual central output domain. Upon phosphorylation, the NtrC-family RRs may form oligomers and promote formation of open complexes via σ54 holoenzyme. Oligomerization, ATP hydrolysis, and interaction with σ54 factor all are functions of the central output domain (Lee et al. 2000) . Each Xanthomonas genome encodes only one PrrA family RR. Examination of the crystal structure shows that the PrrA family RRs have three helix-bundle HTH DNA-binding domains (Nowak et al. 2006 ). In addition, we identified 12 LyTR-family RRs from these genomes. The LyTR family RR tends to be found in free-living and opportunistic bacteria that have a relatively large genome (>2 Mb). Although the three-dimensional structure of the LyTR family protein is unclear, it was predicted to contain a novel DNA-binding domain different from any known related structures (Nikolskaya and Galperin 2002) .
In contrast to the above DNA-binding RRs, the AmiR family RRs with ANTAR domains are unusual in that they are RNAbinding proteins (Shu and Zhulin 2002) . Crystal structure of the representative protein, AmiR, shows that it contains a coiled-coil and three-helix bundle at the C-terminal region (O'Hara et al. 1999) . Among the studied genomes, only X. campestris pvs. campestris and vesicatoria were found to encode ANTAR family RRs, and functions of these proteins remain to be investigated. Although there are corresponding orthologs in the X. axonopodis pv. citri and X. oryzae pv. oryzae genomes, these orthologs lack the characteristic receiver domains; therefore, they were not annotated as RRs.
RRs with protein binding domains. Each studied genome has one to two RRs with the protein-binding domain CheW. In E. coli, the CheW protein is one of the key components of the machinery of chemotaxis regulation. It may bind to the chemotaxis HK sensor, CheA, at a highly conserved chemoreceptor signaling region to form a soluble receptor-signaling complex that controls CheA kinase activity (Francis et al. 2004 ). Occasionally, bacteria contain RRs with other protein-binding domains, such as PAS, GAF, and TPR domains (Galperin 2006) . However, we did not find any of these RR types in the genus Xanthomonas and these domains commonly are encoded by HKs (data not shown).
RRs with enzymatic output domains. This group of RRs, including those with CheB, GGDEF, EAL, and HD-GYP (including known RR RpfG) domains, are conserved among Xanthomonas genomes. Each Xanthomonas genome encodes two RRs, each with a CheB output domain that may have methylesterase activity (Stock et al. 2000) . Furthermore, each of the Xanthomonas genomes has three RRs with HD-GYP domains, two RRs with EAL domains, an RR with a GGDEF domain, and an RR with both GGDEF and EAL domains. The GGDEF domain was shown to have c-di-GMP cyclase activity for biosynthesis of this cellular second messenger (Paul et al. 2004) , whereas EAL and HD-GYP were proven to have phosphodiesterase activity that catalyzes degradation of c-di-GMP Tamayo et al. 2005) . These domains may be involved in turnover of c-di-GMP to coordinate its concentration in bacterial cells. As revealed by genomic analysis, Xanthomonas spp. do not encode any adenylate cyclase, so that whether cAMP is synthesized and plays a role in regulating gene expression is unclear (da Silva et al. 2002; Qian et al. 2005) . However, as Ryan and associates (2007) have shown, c-di-GMP-related genes are involved in multiple physiological pathways, suggesting that c-di-GMP rather than cAMP plays a critical role in regulating gene expression in Xanthomonas spp.
Evolutionary conserved TCSTS genes in Xanthomonas spp.
Compiled TCSTS genes could be aggregated into clusters of orthologous groups (we designated them as "XanCOGs") by similarity search (blastn, e < 10 -5 ) coupled with phylogenetic tree construction, which provides a basis for evolutionary analyses (Makarova and Koonin 2007) . Among these XanCOGs, 70 (21, 8, and 41 HK, HyHK, and RR groups, respectively) are shared by all six analyzed genomes, including virulence-associated genes hrpG, rpfC/rpfG, and raxH/raxR (Supplementary Table S3 ). In order to assess the effect of point mutations upon the evolution of TCSTS genes, we calculated coefficients of DNA polymorphisms for the 70 XanCOGs, because they were not affected by extensive genetic recombination. TCSTS genes have a low value for nucleotide diversity (π = 0.100 on average) that was defined as the average number of nucleotide differences per site between two randomly chosen DNA sequences (Nei and Li 1979) (Fig. 2A) . Out of the various TCSTS genes, the HyHKs maintain the highest level of genetic polymorphism, with an average π value for HyHKs (0.136) being higher than that for HKs (0.103) or RRs (0.091).
To assess the general evolutionary rates in these XanCOGs, we estimated the average rate of nonsynonymous substitution (Ka) versus synonymous substitution of nucleotides (Ks) by calculating pairwise Ka/Ks within each XanCOG. Frequencies of Ka/Ks distribution among HKs, HyHKs, and RRs are shown in Figure 2B . In general, the Ka/Ks ratio of TCSTS genes is much lower than 1.0 (0.406 on average), suggesting that the fixation rate of amino acid change was reduced by purifying selection or functional constraint. However, the Ka/Ks ratios of five XanCOGs, including XanCOG3106 (HKs, Ka/Ks = 3.01), XanCOG0483 (HyHKs, 2.34), XanCOG2153 (HyHKs, 2.50), XanCOG0779 (RRs, 5.34), and XanCOG2703 (RRs, 3.88), are higher than 2.0, suggesting that these genes may have been subject to positive selection that favors the accumulation of adaptive genetic variations. Meanwhile, although HKs, HyHKs, and RRs have similar nonsynonymous substitution rates (Ks ≈ 0.35), the Ka/Ks ratio of HyHK genes (0.848) is also clearly higher than that of HKs (0.365) and RRs (0.340), suggesting that HyHKs evolved more quickly. Interestingly, our results indicate that XanCOG1886 is absolutely conserved during evolution, because no nonsynonymous substitution was detected among its orthologs. It is worth noting here that XCC1886 is involved in multistress tolerance, as indicated by phenotypic characterization of its null mutant (W. Qian, Z.-J. Han, and C. He, unpublished data). Furthermore, the frequency distribution of polymorphism is measured by Tajima's D (Fig. 2C) , a parameter that represents a comparison of nucleotide diversity estimated from the observed number of polymorphic sites against estimated nucleotide diversity from the allele frequency of the polymorphic sites (Tajima 1995) . This coefficient could be used as a statistic for testing selective neutrality on coding sequences of TCSTS genes. All tests of Tajima's D are nonsignificant, and the values of the most shared XanCOGs are approximately 0.5 to 1.0 (Fig. 2C) , suggesting that most of them are near selective neutral.
The above results indicated that, apart from several orthologous gene groups, the shared XanCOGs generally have low levels of DNA polymorphism and slow evolutionary rates, and most of them may not be relaxed from purifying selection. It suggests that accumulation of point mutations has not been the predominant force contributing to genetic variation of TCSTS genes in Xanthomonas spp. Accordingly, one might infer that the shared TCSTS genes conduct similar functions in these closely related Xanthomonas spp., as inferred by similarity search and operon organization. However, caution must be exercised because this expectation is based on predictions and does not represent experimentally verified biological fact. An example of an exception (XanCOG1958 between two X. campestris pv. campestris strains in association of virulence regulation) has been observed in our study (W. Qian, Z.-J. Han, and C. He, unpublished data).
Genomic dynamics of TCSTS genes.
Interestingly, although there are 70 TCSTS XanCOGs conserved among genomes of Xanthomonas (approximately 60% in total), extensive genetic recombinations, including largescale genome rearrangement, addition or deletion, gene fusion or fission, and duplication, have led to TCSTS variation among these genomes. These variations provide important clues to understanding the genetic differentiation of gene regulation among these bacteria.
Genomic organization and gene complement.
Genomic organization and orthologous relationship of TCSTS genes among the six Xanthomonas chromosomes are shown in Figure 3 . These data indicate that TCSTS genes on the chromosomes of the two X. oryzae pv. oryzae strains are essentially colinear, and the same is true among TCSTSs of X. campestris pv. campestris ATCC 33913, X. campestris pv. vesicatoria 85-10, and X. axonopodis pv. citri 306, though genetic recombination occasionally has changed the relative position of some genes. The figure also shows that genomic organization of TCSTS genes in the two X. oryzae pv. oryzae strains is quite different from that of the others, suggesting that substantial linage-specific rearrangements have occurred on the X. oryzae pv. oryzae genomes during their evolution. Interestingly, although X. campestris pv. campestris ATCC 33913 and X. campestris pv. campestris 8004 strains contain a nearly identical set of TCSTS genes, a genome-wide translocation across the replication axis was identified, and this rearrangement made the most TCSTS genes (86 pairs of genes) distribute symmetrically at mirror-image positions between two genomes. As our previous study has indicated, this dramatic genome-wide translocation may have been introduced by a replicationdirected, homologous recombination between two IS1478-related genes (Qian et al. 2005) .
Addition or deletion of TCSTS genes has occurred substantially in each of the genomes studied, resulting in gene loss and the existence of specific genes (Supplementary Table S4 ). Among them, the two X. oryzae pv. oryzae genomes show more gene deletion for each of them, having lost 37 genes, particularly HyHKs. Consequently, the X. oryzae pv. oryzae genomes encode fewer HyHKs (13 and 15 proteins, respectively) than the other genomes (approximately 20 to 23 proteins). It is remarkable that the putative cognate HK and RR tend to be kept intact in genomes or lost together. Among 17 specific genes, there are four pairs of TCSTS genes (47.1%) organized in the same operon or clustered together whereas, among a total of 131 identified lost orthologs, 29 pairs (44.3%) of cognate HK and RR genes were found to be absent from different genomes. This tendency toward gene dynamics implies that cognate HK and RR genes have a very close co-evolutionary relationship.
Gene fusion or fission and duplication.
Close examination of gene sequences revealed that fusion or fission and duplication also contribute to genetic variation of TCSTS genes, especially HyHKs. For example, the N-terminal sequence of a HyHK, XAC3643, is very similar to that of XCC0562 or XCV3761 (HKs) whereas its C-terminal region is similar to XCC0563 or XCV3760 (RRs). Meanwhile, the ortholog of this gene is absent from the two X. oryzae pv. oryzae genomes. These results strongly suggest that the HyHK XAC3643 originated directly from a gene fusion event that combined cognate HK and RR, most probably by mutation of the stop codon and resulting in read-through of the open reading frame.
One of the significant characteristics of Xanthomonas genomes is that they all have a genomic segment (approximately 13 kb) containing approximately two to four tandem-repeated, closely related HyHKs (approximately 3,543 to 3,738 bp) (Fig.  4A) . Domain organization of these HyHK proteins is very similar, because all of their N-terminal sensor regions contain a Y_Y_Y domain of unknown function and a number of repeated Reg_prop domains, whereas the C-terminal transmitter regions contain ATPase and receiver domains. The average value of nucleotide diversity (π) of these genes is 0.397 ± 0.013, and the average value of pairwise Ka/Ks is 0.744 (Ka = 0.534 ± 0.205, Ks = 0.748 ± 0.238). The Ka/Ks value is less than 1.0 but higher than average for the TCSTS genes (0.406). In addition, a slide windows analysis using both synonymous and nonsynonymous sites (Fig. 4B) indicated that DNA polymorphism of the 5′ region (approximately 1 to 2,200 bp, encoding sensor region) of these genes is higher than that of the 3′ region (approximately 2,400-bp to termination, encoding the transmitter and receiver region). The result suggests that the sensor region of these HyHKs evolved faster than the signal transmitter region after gene duplication, which is probably advantageous for the development of an ability to sense novel environmental stimuli on the basis of established signaling cascades.
To trace the evolutionary history of gene duplication, we retrieved all known homologs by searching GenBank, with the protein sequences of XCC2846, XCC2847, and XCC2848 as queries (blastp search, e < 10 -5 , length of matched protein sequence >80% coverage). In all, 62 homologs from α-and γ-Proteobacteria, Acidobacteria, GNS bacteria, and Clostridiales were identified. The phylogenetic tree showed that HyHKs from Xanthomonadaceae were clustered into three phylogroups (PI to PIII). The most recent ancestor gene of these HyHKs was inferred to duplicate once (d-1) before species differentiation of Xanthomonas. After that, a second duplication (d-2) appears to have taken place to yield the identified paralogs within genomes of X. campestris pv. campestris, X. oryzae pv. oryzae, and X. campestris pv. vesicatoria. However, because X. axonopodis pv. citri has paralogs only in phylogroups PI and PIII, and X. campestris pv. vesicatoria contains an additional gene copy in PIII, we speculate that an additional duplication event (d-3) may have produced these paralogs in PIII. Moreover, it is noticeable that the matched HyHKs of the closely-related species Xylella fastidiosa (belonging to Xanthomonadaceae) were present only in phylogroups PI. One possible explanation is that X. fastidiosa differentiated earlier before duplication (d-1) and the paralogs identified in X. fastidiosa Dixon strain might have arisen from a strain-specific duplication event (Supplementary Figure  S1) . However, considering that proteins of X. fastidiosa did not form a sibling group from those of Xanthomonas, and especially because X. fastidiosa is a fastidious, xylem-limited phytopathogen whose genome (2.68 Mb) has experienced large-scale genome reduction (Simpson et al. 2000) , we tend to believe that the bacterial species X. fastidiosa also originated after duplication (d-1) and that its paralogs in clade PII Fig. 4 . Genomic organization and polymorphism of a cluster of similar hybrid histidine kinase (HyHK) genes in the genomes of Xanthomonas. A, Organization of hybrid histidine kinase sensors (HyHKs). Arrows represent HyHKs and their direction. Arrows with the same background of frames indicate they have orthologous or paralogous relationship. Lengths of HyHKs are shown above them. CDS numbers are according to those of the Xanthomonas campestris pv. campestris ATCC 33913, X. campestris pv. campestris 8004, X. axonopodis pv. citri 306, X. campestris pv. vesicatoria 85-10, X. oryzae pv. oryzae KACC10331, and X. oryzae pv. oryzae MAFF 311018, respectively. B, Slide window analysis of nucleotide diversity (π) using both synonymous and nonsynonymous sites of HyHKs. Window size was set as 50 with a step of 9 bp. Location of domain is according to the result of pfam database search. and PIII may have existed previously but have been lost during genome reduction.
In summary, TCSTS genes in Xanthomonas spp. exhibit an evolutionary pattern in which a core set of genes is conserved, whereas accessory genes and genomic organization are highly flexible. Among them, it is interesting that HyHKs have special evolutionary characters compared with orthodox HKs and RRs. In general, HyHKs remain abundant in the genomes of Xanthomonas spp. (Table 1) , have a higher level of DNA polymorphism ( Fig. 2A) and faster evolutionary rate as revealed by Ka/Ks ratio (Fig. 2B) , and experienced frequent gene fusion or fission and duplication. Taken together, it indicates that HyHKs are active during the microevolution of Xanthomonas spp. As previous studies have revealed, HyHKs usually take part in four-step phosphorelays (His-Asp-His-Asp) via an Hpt domain. This complex process potentially leads HyHKs to offer additional checkpoints for regulating the rate of protein phosphorylation, and also provides more junction sites for cross-talk with other cellular signaling cascades (Rodrigue et al. 2000; Stock et al. 2000) . Although the biological functions of the most annotated HyHKs are unclear, the only experimentally verified HyHK in the genus Xanthomonas, RpfC, provides a good example of the fact that HyHKs are extensively versatile in function. By modulating the transcription of rpfA-I genes with cognate RpfG (an RR), RpfC regulates two different functions: it positively modulates the expression of virulence factors, such as extracellular enzymes and exopolysaccharides, and negatively regulates the biosynthesis of diffusible signal factor, a fatty acid (cis-11-methyl-2-dodecenoic acid) that functions as a signaling molecule during cell-to-cell signaling of Xanthomonas spp., by its receiver domain . Furthermore, Ryan and associates (2006) confirmed the role of RpfC/RpfG in the degradation of cellular second messenger cdi-GMP directly, and functional genomic analysis has shown that RpfC/RpfG positively influences the transcription of three other c-di-GMP associated genes involved in X. campestris pv. campestris virulence (Ryan et al. 2007 ). Thus, the versatility of RpfC provides good evidence that other HyHKs of Xanthomonas spp. also may be involved in complex signaling networks that would be worth investigating.
Mechanism of maintenance of TCSTS in Xanthomonas spp.
It is worth noting that co-evolutionary relationships between cognate HK and RR have been detected previously by phylogenetic and genomic analyses (Fabret et al. 1999; Koretke et al. 2000) . The present study provides additional evidence for the co-evolution by showing a remarkable feature: HK and RR that organize into an operon or in close proximity usually are deleted or acquired together. Co-evolution of TCSTSs by means of addition or deletion as a unit is likely to affect the entire regulons that they controlled, which may result immediately in alteration of bacterial fitness during environmental change. In turn, this would determine the direction of bacterial evolution. In general, co-evolution of genes organized in operons is explained by two major evolutionary models (i.e., the selfish operon model [SOM] and the co-regulation model [CRM] ). The SOM proposes that operons can be formed by the gradual, stepwise formation of gene clusters via horizontal gene transfer (Lawrence and Roth 1996) . During this process, intervening genes with unrelated functions are deleted gradually by selection or genetic drift without reducing the fitness of recipient bacterial cells, leading to genes coding for a single metabolic function being situated in close proximity. Once cotranscription under a single promoter has been established by progressively reinforced selection, the novel operon eventually evolves or is deleted efficiently and "selfishly" as an integrated unit (Lawrence 1997) . The SOM provides a selection mechanism and an intermediate step to the origin and maintenance of operons. It has been applied successfully to explain operon evolution, such as in the cases of the restriction modification system and the toxin-antitoxin system (Lawrence 1999; Naito et al. 1998) . However, when considering our case, in which a short time scale of microevolution has occurred in closely related genomes of Xanthomonas, there are two opposing reasons that suggest that the SOM is not entirely appropriate in our case. i) The SOM predicts that essential genes should not cluster because they cannot undergo multiple rounds of gene gain or loss. However, although more direct genetic evidence is needed, XCC2361, XCC2695, and XCC3643 may be essential genes because they could not be mutated by insertion inactivation (W. Qian, Z.-J. Han, and C. He, unpublished data). All of these genes are located in operons or in the vicinity of putative cognate HK genes (XCC2360, XCC2694, and XCC3642, respectively). Similarly, investigation of the genome of E. coli also has revealed that essential genes have an especially strong tendency to cluster compared with nonessential genes (Price et al. 2005) . ii) Approximately half of the "orphan" TCSTS genes are absent in genomes, whereas their putative cognations remain present, suggesting that dynamic modes other than the SOM have occurred during TCSTS evolution.
We suggest the classical CRM (Jacob and Monod 1961) as the major mechanism to explain the maintenance of cognate TCSTS genes during the microevolution of Xanthomonas spp. The CRM proposes that genes are clustered into operons because co-regulation at a single promoter is selectively beneficial, and operons are under strong purifying selection because their disruption would destroy the co-regulatory relationship (Ermolaeva et al. 2001 ). In the case of TCSTS, a high level of substrate specificity generally is maintained between cognate HK and RR to ensure the precision of signal transduction. As studies on phosphotransfer kinetics of KinA/Spo0F and VanS/VanR have shown (Fisher et al. 1996; Grimshaw et al. 1998) , HKs have a significant kinetic preference for their cognate RRs, with a magnitude approximately 10 3 to 10 4 times higher than other unrelated RRs. Based on this kinetic preference, a robust in vitro biochemical technique (phosphotransfer profiling) recently has been developed to screen unidentified HK/RR couples (Biondi et al. 2006; Skerker et al. 2005) . Because the equilibrium of phosphorylated and dephosphorylated forms of RR is supposed to be central to TCSTS regulation (Stock et al. 2000) , co-regulation with its cognate HK under a single promoter is selectively beneficial. As a consequence, unless the intact TCSTS has been recovered during evolution, the absence of one of its component genes eventually will result in deletion of another component by genetic drift or purifying selection, because the connection of the entire regulon has been disrupted and this will decrease bacterial fitness. Thus, although we could not exclude the possibility that some TCSTS genes can be gained or lost by a batch mode as described in SOM, the presence of orphan genes in the genomes of Xanthomonas spp. strongly supports a two-step addition or deletion mode for maintenance of TCSTS genes.
Conclusions and perspective.
The present comparative genomic survey showed that Xanthomonas spp. encode a large number of TCSTSs that are diverse in protein structure and subjected to extensive genetic recombination, suggesting that these proteins may be critical for survival in heterogeneous niches, and that the bacterial IQ scores (Galperin 2005) of Xanthomonas spp. are remarkably high. Recent progress has provided evidence that TCSTS involved in subtle regulation of virulence factors (Dow et al. 2003; He et al. 2006; Lee et al. 2006; Ryan et al. 2006) . However, the physiological functions of most of the TCSTSs remain to be determined, although their phosphotransfer mechanisms can be predicted by secondary structure prediction. Therefore, reverse-genetic analysis is needed to identify phenotypic changes of null mutants, which will set up a solid basis for further research on gene function. In addition to identifying novel TCSTS genes directly regulating the expression of virulence factors, attention should be paid to TCSTSs that are important for nutrients uptake, energy metabolism, and degradation of harmful chemicals when bacteria grow in host tissues, because these genes may play important roles for survival and proliferation in planta.
TCSTS genes with unusual evolutionary history, including HyHKs, strain-specific genes, and genes that experienced addition or deletion or positive selection, are worthy to be specially noticed in a future study because rapid evolutionary changes in these genes may reflect reprogramming or reorganization of regulatory cascades during bacterial speciation. For example, HKs belonging to XanCOG3106 might be subject to positive selection because nonsynonymous substitutions are remarkably higher than synonymous substitutions (Ka/Ks > 1.0). The N-terminal sensor regions of these HKs evolved very quickly, whereas the C-terminal transmitter regions as well as their cognate RRs (XanCOG3107) remain relatively conserved (data not shown). This suggests that the phosphotransfer pathway and downstream regulated genes of XanCOG3106/ XanCOG3107 regulon maintained stable during evolution, but the property of environmental stimuli sensing by XanCOG3106 may be different among X. campestris pv. campestris, X. campestris pv. vesicatoria, X. oryzae pv. oryzae, and X. axonopodis pv. citri. What are these stimuli? How do HKs detect them? Do these stimuli vary with different host plants? Answering these questions will not only help us to understand the regulatory mechanism but also provide a molecular genetic explanation for natural selection during adaptive evolution of pathogen.
X. oryzae pv. oryzae genomes, which have smaller genome sizes among Xanthomonas spp. (Lee et al. 2005; Ochiai 2005 ), experienced extensive gene loss (discarded approximately 15% TCSTS genes) and contain a smaller set of TCSTS genes (especially HyHKs) ( Table 1 ). In addition, the genomic organization and codon usage bias of TCSTS genes of X. oryzae pv. oryzae are different from the other genomes. For example, deletion of a 25-kb genomic segment in genomes of X. oryzae pv. oryzae resulted in the absence of approximately 20 genes, including six XanCOGs (XanCOG1175, XanCOG1176, XanCOG1182, XanCOG1185, XanCOG1186, and XanCOG1187). Among them, XanCOG1175 and XanCOG1176 may regulate the expression of regulators of a σ B factor, and XanCOG1182 and XanCOG1185 may regulate several chemotaxis-related proteins. Loss of σ factors and their regulatory elements (including TCSTS) also is observed in other pathogenic bacteria, such as Mycobacterium leprae, the causative agent of leprosy (Madan Babu 2003; Moran 2002; Tyagi and Saini 2004) . It has been revealed that loss of these important signaling genes triggers the accumulation of mutations in downstream-regulated genes and creates a large set of pseudogenes (Cole et al. 2001; Tyagi and Saini 2004) . Therefore, the linage-specific elimination of TCSTS genes in X. oryzae pv. oryzae indicates that the corresponding regulons are important to other Xanthomonas spp. but unneeded to the lifestyle of X. oryzae pv. oryzae. Was this recently accelerated evolution of TCSTS of X. oryzae pv. oryzae driven by domestication of cultivated rice? How many regulatory differences are there between X. oryzae pv. oryzae and other Xanthomonas spp.? What roles does TCSTS regulation play in the specific gene-for-gene relationship between X. oryzae pv. oryzae and rice cultivars? The availability of genomes of Xanthomonas spp. will facilitate future research efforts to try to answer these questions.
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